Abstract. Cement is a complex mixture of inorganic compounds which mainly composed of calcium silicates and calcium aluminates. Cement is mixed with water to form concrete. During the mixing calcium silicate hydrate (CSH) and calcium hydroxide are formed. The ratio of water/cement (w/c ratio) is important to obtain a mixture that gives optimum strength to the concrete. In this work, three different cement samples were mixed with water in four different ratios, including 0.35, 0.40, 0.45 and 0.55, respectively. The hydration process of cement was investigated by using near infrared (NIR) spectroscopy over a period of 28 days. The combination frequency of OH stretching and bending of water molecules gives rise to an absorption around 5200 cm -1 . This peak contains contributions of overtones from several types of water molecules in the cement. Fourth derivatives spectra of all cement samples showed three peaks in the combination band region of 5300-5100 cm -1 . These peaks indicated the presence of three distinct types of water molecules in the system. First, the characteristic peak at 5260-5240 cm -1 represented the hydrogen bond between water molecules and silinol group of calcium silicates. This peak indicated the formation of CSH from hydration of cement. Furthermore, this peak experienced a slight red shift after a period of seven days indicating stronger hydrogen bonding of water molecules with silinol groups. The peak at 5130 cm -1 corresponded to hydrogen bonding between water molecules and the peak at 5165 cm -1 corresponded to hydrogen bonding between free water and bound water. The suitable w/c ratio for cement-1 is at 0.35-0.45, cement-2, and cement-3 are 0.45. In addition, real concrete sample showed two characteristic peaks at 5250 cm -1 and 5165 cm -1 , demonstrating the presence of CSH and free water within concrete, respectively. Near infrared spectroscopy in combination with fourth derivative technique can be used to investigate the hydration chemistry of cement and concrete.
Introduction
Cement is the complex compounds of inorganic substances which mainly consisted of calcium silicate and calcium aluminate [1] . Almost well-known and commonly used cement is Portland cement. This is the basic ingredient of concrete and forms a glue of concrete when is mixed by water. Portland cement is composed of tricalcium silicate (C 3 S more than 50%) and rapidly reacts with water molecules. Cement completely reacts to approximately 70% of the water within 28 days and provides two major hydration products including calcium silicate hydrate (CSH) and calcium hydroxide. The major and most important component in cement is C 3 S because the products from hydration of C 3 S will affect the strength and other physical properties [2] . Water molecules are held in hydrated cement with varying degree of stability including free water and chemically bound water. Chemically combined water leads to the formation of absolute part of hydrate compounds (CSH). While, free waters held in capillary pores that increase range of surface forces of solid phase or physically adsorbed at outer CSH layers [3] . In addition, porosity inside the cement also significantly affects the strength of cement. In previous works, it has been shown that higher porosity could be obtained from utilizing higher water/cement (w/c) ratio and the resulting cement mixture provided lower compressive strength to cement. On the other hand, the lower w/c ratio offered the lower porosity within cement and higher strength to the cement mixture [4] . However, the low w/c ratio makes harder to work with the cement when cement is mixed with aggregates to form concrete. Therefore, the use of w/c ratio must be considered and an appropriate w/c ratio should be selected to form efficiently hydrated and workable cement. Near infrared (NIR) spectroscopy was chosen to investigate the adsorbed water molecules and their states within cement. From overtones and combination band in NIR region, characteristic peaks of CSH can be used to study hydration chemistry. The intensity of the characteristic peak of CSH and the shift in combination frequency of water molecules can be inferred to the amount of hydration and strength of hydrogen bond between waters and calcium silicates. In this work, the hydration chemistry of three samples of cement with different w/c ratios was studied using NIR spectroscopy. NIR spectra of the hydrated cement samples were measured over a period of four weeks. The fourth derivative spectra were obtained using the instrumental software and saved for comparison. Furthermore, pieces of concrete samples from building were investigated to determine the type of water molecules and hydration state of the samples.
Experimental
Materials and Preparation of the Samples. Three cement samples, one bought from a local vendor (cement-1), and two from department of engineering, university of Agder (cement-2, cement-3) were used in this study. Commercial name of cement-1 is Ultipro (Optiform) standard cement. A concrete sample for testing was collected from a building in the neighborhood of the University. Each of the cement samples was homogeneously mixed with water in different w/c ratios including 0.35, 0.40, 0.45, and 0.55. The mixture of each cement sample was divided into three portions and then transferred into three plastic cups and allowed to harden. Altogether 12 samples were prepared with cement-1. After a week of hardening, the NIR spectra of the first four samples with different w/c ratio were recorded. Each of the samples was ground into fine powder and placed in a transparent glass vial. The NIR spectra were recorded on the samples after 7, 14, and 28 days. The same procedure repeated with cement-2 and cement-3 samples.
Near Infrared (NIR) Measurements. NIR measurements were performed using a Perkin Elmer Spectrum One NTS FT-NIR spectrometer equipped with a Perkin Elmer transflectance accessory and deuterated triglycine sulphate detector. NIR spectra of all samples were carried out in the region 10000 -4000 cm -1 at a resolution of 16 cm -1 and the relative humidity was recorded in each measurement. The NIR spectra of each sample was measured three times and each measurement was the average of 20 scans. The fourth derivative spectra of all the samples were obtained using the instrumental software.
Results and Discussion
The fourth derivative near infrared (NIR) spectra of cement-1 sample with w/c ratio at 0.35, 0.40, 0.45, and 0.55 were obtained in different time periods (Fig. 1) . Clearly, there is a peak around 5250 cm -1 in all the spectra that showed the existence of hydrogen bond between water molecules and silinol groups in calcium silicates. Then, they further reacted to provide calcium silicate hydrate (CSH) which is a basic ingredient of concrete. During the first seven days, the calcium silicate in cement-1 sample reacted with water molecules and exhibited the peak around 5250 cm -1 for samples with w/c ratios at 0.35-0.45 (Fig. 1a) . The absorbance values for these samples were quite stable until 28 days (Fig. 1a, b) . A possible reason is the formation of CSH and calcium hydroxide started to crystallize and acted as seeds in the beginning immediately after the mixing of cement and water. After that, the seeds grew thicker and the free water molecules were not able to diffuse through CSH into unreacted cement cores. As a result, the hydration of cement-1 sample was slowed during the period 7-28 days. Uniquely, the cement mixture w/c ratio at 0.55 did not provide the peak at the same
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Advanced Materials Research VIII wavenumbers during the first seven days (Fig. 1a) . The cement-1 sample with w/c ratio 0.55 exhibited a peak around 5250 cm -1 for the hydrogen bonding between water molecules and calcium silicates after 14 days. The intensity increased up to 28 days (Fig. 1b, c) . After one week, cement with highest ratio (0.55) showed further hydration, suggesting the higher porosity in the bulk compared to mixtures of cement with lower ratios. The peak at 5130 cm -1 is assigned for the OH combination frequency of water molecules engaged in hydrogen bonding [5] and peak at 5165 cm -1 is assigned for the OH combination frequency of free water molecules hydrogen bonding to the bound water molecules [6] . This upward trend suggested the increase in the number of water molecules hydrogen bonding to silinol groups and hence the progress of cement's hydration. Moreover, the peak around 5250 cm -1 shifted toward shorter wavenumbers with time for cement mixture with w/c ratio 0.55, indicating the formation of stronger hydrogen bond [7] (Fig. 2b) . However, when the ratio of w/c is high, the cement becomes porous [8] , and consequently the strength of the cement is reduced [9] . Therefore, the w/c ratio of the cement-1 sample should not exceed 0.45 to provide strong hydrated cement with less porosity. For cement-2 and cement-3 samples, the fourth derivative profiles of the NIR spectra exhibited three peaks at wavenumbers 5130 cm -1 , 5165 cm -1 , and 5250 cm -1 , demonstrating the water adsorption in cement (for cement mixtures with all four ratios). Especially, the adsorption peak at 5250 cm -1 presents the hydrogen bond of adsorbed water molecules and silinol group of silicate compounds. These results showed that cement-2 and cement-3 samples were hydrated to form CSH with w/c ratio in the range of 0.35-0.55. Furthermore, the absorbance values at wavenumbers ca. 5250 cm -1 of cement-2 ( Fig. 3a) and cement-3 samples (Fig. 3c ) in all ratios decreased with increase in time from 7 to 28 days. With these results, the hydration behavior of cement-2 and cement-3 samples can be predicted. Calcium silicates were rapidly reacted with water and formed the CSH around cement particles during the first seven days. After that, the porous space in hydrated cement was replaced by CSH and this leads to slower hydration of cement-2 and cement-3 even when the w/c ratio is high as 0.55. As a result, the formed CSH decreased after seven days. In addition, the appropriate w/c ratio for cement-2 and cement-3 is at 0.45 because the peaks at 5260-5240 cm -1 of the cement mixture with w/c ratio shifted toward shorter wavenumbers with time (Fig. 3b, d ), indicating the formation of stronger hydrogen bonding. Even though, the cement-2 and cement-3 at ratio of 0.45 could not provide highest degree of hydration after 28 days than the cement mixtures with other ratios, but the strength of hydrogen bond that will affect to the strength of concrete are firstly considered. Moreover, the higher w/c ratio of cement mixtures helps the easier administration when mixed with aggregated. 
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Advanced Materials Research VIII Concrete sample from a building about the University has a physical feature as shown in Fig. 4a . The fourth derivative NIR spectrum of concrete sample is shown in Fig. 4b in the region of 5300-5100 cm -1 . The spectrum exhibited a broad peak in the range of 5275-5200 cm -1 , demonstrating the combination band of absorbed water molecules. Furthermore, the highest absorbance value was at around 5250 cm -1 , indicating the presence of hydrogen bond between water and calcium silicates from cement. Therefore, it can be suggested that concrete sample is comprised of hydrated cement (CSH) and water. 
Conclusions
In this work, the hydration chemistry of three cement samples was studied by using near infrared (NIR) spectroscopy. All cement samples could be hydrated and provided the hydration products including calcium silicate hydrate (CSH). The presence of a peak in the fourth derivative profiles of the NIR spectrum in the region 5260-5240 cm -1 is a clear proof for that fact. The water/cement (w/c) ratio is significant factor for the preparation of cement pastes. The results showed that the w/c ratio in the range of 0.35-0.45 provided efficiently hydrated cement for cement-1 sample. Cement-2 and cement-3 provided the efficiently hydrated cements after 28 days (with w/c ratio 0.45). Moreover, the formation of CSH decreased in all the cement samples because thicker CSH surrounded the unreacted cement particles. NIR spectroscopy is a convenient and easy technique to study the hydration of cement. The hydration of cement is the important step to give strength to concrete, and therefore on-site investigation of degree of hydration using NIR spectrometer will be fascinating topic in future work.
